CHAPTER 3
RESULTS AND DISCUSSION

In this work, attempts have been made to investigate the use of seaweed
(Sargassum polyceratium) growing naturally in the sea in Thailand as an efficient
sorbent for the removal of some heavy metals in industrial wastewaters. Three
parameters namely particle size, pH of solution and shaking time were optimized by
means of the so-called univariate optimization method. Fully details will be discussed

as follows:
3.1 Limit of Detection (LOD)"*

The limit of detection of an analyze could be described as a concentration
which gives an instrument’s signal significantly different from the blank or

background signal. The limit of detection can be calculated by equations (3.1-3.2).

| (3 x Sy/x)
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Where LOD is the limit of detection which calculated from a linear regression
equation by Miller’s method", Sy 1s a standard deviation of y-residuals, Yi is the
actual instrument response (absorbance), is Yi the recovery absorbance which

calculated from regression equation and n is the number of calibration points. The

data calculation of the limit of detection was shown in Table 3.1

Table 3.1 Study of detection limit for determination of Pb(Il), Cu(Il), Cd(IT) and Cr

(111)
Pb(II) Cu(II) Cd(II) Cr(IIT)
Number Conc. | Abs | Conc. Abs Conc. Abs Conc. Abs
(mg/g) (mg/g) (mg/g) (mg/g)
1 1.0 0.011 0.5 0.031 0.5 0.075 0.5 0.031
2 2.0 0.019 1.0 0.061 1.0 0.145 1.0 0.060
3 3.0 0.029 1.5 0.091 1.5 0.198 1.5 0.085
4 4.0 0.036 2.0 0.120 2.0 0.275 2.0 0.114
5 5.0 0.045 2.5 0.147 2.5 0.333 2.5 0.137
Slope 0.087 0.582 1.290 0.532
Intercept 0.0017 0.0027 0.0114 0.0056
Sy 0.0338 0.0502 0.0983 0.0498
R’ 0.9975 0.9995 0.9976 0.9986
LOD(mg/1) 1.16 0.26 0.22 0.28
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3.2 Optimization of Adsorption Conditions for Dried Seaweed

3.2.1 Effect of particle size

Particle size of adsorbent has more effect on the separation of various
metal ions in aqueous solutions. Therefore, it is necessary to investigate the influence
of seaweed particle sizes over the ranges of 0.21-0.36, 0.36-0.60, 0.60-1.18, 1.18-2.36
mm on the separation of lead(Il), copper(Il), cadmium(Il) and chromium(III) ions
individually in aqueous solutions in order to select the appropriate seaweed particle
size and use as biosorbent for binding the above four heavy metals. It was seen that
the amount of adsorbed metal ion decreased as the size of the particles increased from
0.21 to 2.36 mm as shown in Table 3.2-3.5. The maximum amount of adsorbed metal
ion was obtained from the particle size of 0.21-0.36 mm due to its high surface area,
which is responsible for a high availability of exposed binding sites in biomass
particles.'

The effect of seaweed particle size was investigated by varying the
particle size in the range of 0.21-2.36 mm. The results were shown in Table 3.2-3.5. It
was evident that the binding ability of the biosorbent was greatest for lead(Il) (75%)
followed by cadmium(Il) (67%) then chromium(IIl) (65%) and copper(Il) (58%).
Hence, the seaweed particle size of 0.21-0.36 mm was selected as suitable sorbent for

the four heavy metals studied.
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Table 3.2 Effect of seaweed particle size on lead(Il) adsorption by non-modified

seaweed
: : : qe
Size Weight Ci Ce Cad %
mm) | @ | men | mgh [ med oo T x| ad

0.1002 30.00 7.63 22.37 11.16
0.21-0.36| 0.1005 30.00 7.45 22.55 11.22 | 11.20+0.04 | 75
0.1003 30.00 747 22.53 11.23

0.1002 30.00 8.57 21.43 10.70
0.36-0.60] 0.1005 30.00 8.44 21.56 10.72 | 10.72£0.02 | 72
0.1008 30.00 8.36 21.64 10.73

0.1004 30.00 9.28 20.72 10.32
0.60-1.18| 0.1003 30.00 9.25 20.75 10.34 | 10.31+0.04 | 69
0.1002 30.00 9.41 20.59 10.27

0.1004 30.00 10.18 19.82 9.87
1.18-2.36] 0.1008 30.00 9.60 20.40 10.12° | 9.94+0.15 | 68
0.1002 30.00 10.28 19.72 9.84

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, qge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption

Table 3.3 Effect of seaweed particle size on copper(Il) adsorption by non-modified

seaweed
: . . qe
Size Weight Ci Ce Cad %
mm) | @ | men | men | med [oom | x| ad

0.1003 7.00 3.00 4.00 1.99
0.21-0.36| 0.1004 7.00 2.98 4.03 2.00 2.00+£0.01 | 38
0.1005 7.00 2.96 4.05 2.01

0.1002 7.00 3.12 3.88 1.94

0.36-0.60| 0.1003 7.00 3.13 3.87 1.93 1.93+0.00 | 55
0.1002 7.00 3.13 3.87 1.93
0.1007 7.00 p 3.65 1.81

0.60-1.18] 0.1008 7.00 3.41 3.59 1.78 1.7940.02 | 51

0.1009 7.00 3.39 3.62 1.79

0.1006 7.00 3.49 3.52 1.75
1.18-2.36| 0.1003 7.00 3.58 3.42 1.71 1.73+0.02 | 49
0.1003 7.00 3.54 3.46 1.72

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.4 Effect of seaweed particle size on cadmium(II) adsorption by non-modified

seaweed
: : : qe
Size Weight Ci Ce Cad %
(mm) (®) (mg/) [ (mg/h) | (mg) | (mg/g) X Ad
0.1004 5.00 1.65 3.35 1.67
0.21-0.36| 0.1002 5.00 1.69 3.31 1.65 ]1.66+0.01| 66
0.1005 5.00 1.66 3.34 1.66
0.1008 5.00 1.80 3.20 1.59
0.36-0.60| 0.1006 5.00 1.82 3.18 1.58 ] 1.58+0.00| 64
0.1007 5.00 1.82 3.18 1.58
0.1002 5.00 1.98 3.02 1.51
0.60-1.18| 0.1006 5.00 1.98 3.02 1.50 |1.5240.02| 60
0.1004 5.00 1.91 3.09 1.54
0.1006 5.00 2.04 2.96 1.47
1.18-2.36] 0.1005 5.00 2.10 2.90 1.44 |1.46+0.02| 58
0.1007 5.00 2.04 2.96 1.47

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption

Table 3.5 Effect of seaweed particle size on chromium(IIl) adsorption by non-

modified seaweed

Size | Weight | ci Ce Cad ol %

(mm) (8) (mg/l) | (mg/l) | (mg/l) (mg/e) X Ad
0.1003 10.00 3.56 6.44 3.21

0.21-0.36] 0.1002 10.00 3.55 6.45 3.22 3.244+0.04 64
0.1003 10.00 3.42 6.58 3.28
0.1004 10.00 N 8, 6.25 3.11

0.36-0.60| 0.1003 10.00 AN 6.29 3.13 3.13+0.01 63
0.1006 10.00 3.70 6.31 3.13
0.1003 10.00 431 5.69 2.84

0.60-1.18] 0.1004 10.00 4.27 5.73 2.86 2.84+0.02 57
0.1001 10.00 4.36 5.64 2.82
0.1008 10.00 443 5.57 2.76

1.18-2.36| 0.1007 10.00 4.48 5.53 2.74 2.76+0.01 | 55
0.1006 10.00 4.44 5.56 2.76

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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3.2.2 Effect of solution pH

In general, sorption phenomena between any sorbents including
biosorbents and metal ion are pH dependent. So it is very important to examine the
effect of pH of solution before performing any experiments based on sorption of any
metal ions on a given sorbent in order to obtain satisfactory results.

The investigation was done by varying the pH of solution in the ranges
of 2.0 to 5.0. The results were shown in Tables 3.6-3.9 and Figure 3.1. The results
were shown that the suitable pH of solution for lead(Il), copper(Il) cadmium(II) and
chromium(Ill) were 3.5, 4.5, 4.0 and 3.0, respectively since they provided the
greatest adsorption for the studied metal ions.

The effect of pH is an important parameter that affects adsorption of
heavy metal ions. It may be explained in term of relation and competition effects
between the H;O' ions and metal ions. Metal ions that could associate with the cell
wall’s ligands which might have to compete with H;O" ions to bind with the active
sites. The polysaccharides of the cell wall provide hydroxyl group and carboxylic
group. The oxygen of hydroxyl group and carboxylate ion could be available for
coordination bonding with Pb(Il), Cu(Il), Cd(II) and Cr(III) ions in solution.'” When
pH becomes low, the concentration of H;O" is higher than the concentration of metal
ions. Thus, these ions occupy binding sites on the cell walls and metal ions move
freely in solution. When the pH increased, the competing effect of H;O" ions
decreased and positively charged metal ions took up the binding sites of sorbent
resulting in an increase in metal up take. Therefore experiments were not carried out

beyond pH 5 to avoid heavy metal precipitated as hydroxides.'®
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Table 3.6 Effect of pH of solution on lead(Il) adsorption by non-modified seaweed

o | Weight [ i Ce | Cad * %
@ | men | mgn | mg) [ T x| ag
0.1002 | 3000 | 785 | 2205 | 11.05

20 | 01005 | 3000 | 772 | 2228 | 1109 |11.07r0.02| 74
0.1004 | 3000 | 778 | 2222 | 1107
0.1006 | 3000 | 465 | 2535 | 12.60

25 | 01003 | 3000 | 457 | 2543 | 1268 [12.641004]| 85
0.1004 | 3000 | 463 | 2537 | 12.63
0.1001 | 3000 | 431 | 2569 | 12.83

30 | 01007 | 3000 | 426 | 2574 | 1278 |12.8010.03| 86
01005 | 3000 | 429 | 2571 | 1279
0.1006 | 3000 | 302 | 2699 | 13.41

35 | 01003 | 3000 | 307 | 2693 | 1343 [13425001| 90
0.1001 | 3000 | 314 | 2686 | 1342
0.1007 | 3000 | 319 | 2681 | 1331

40 | 01002 | 3000 | 320 | 2680 | 1337 |1333:0.03| 89
01008 | 3000 | 317 | 2683 | 1331
0.1006 | 3000 | 314 | 2686 | 13.35

45 | 01003 | 3000 | 323 | 2677 | 1334 |1336:0.03 | 89
01002 | 3000 | 318 | 2682 | 1338
0.1009 | 3000 | 366 | 2634 | 13.05

so | 01005 | 3000 | 345 [ 2655 | 1321 [13.1050.10] 89
01007 | 3000 | 375 | 2625 | 13.03

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.7 Effect of pH of solution on copper(Il) adsorption by non-modified seaweed

o | Weight [ i Ce | Cad * %
@ | o) | me) | m2) (oo | x| Ad
0.1003 | 700 | 505 | 195 | 097

20 | 01005 | 700 | s08 | 192 | 096 |o095:002 | 27
0.1001 | 700 | 513 | 187 | 093
0.1006 | 7.00 | 303 | 397 | 198

25 | 01004 | 700 | 304 | 396 | 197 [ 1970001 | 57
01002 | 700 | 308 | 392 | 196
0.1004 | 7.00 | 211 | 489 | 244

30 | 01003 | 700 | 214 | 486 | 242 | 243:001 | 6
01005 | 700 | 213 | 487 | 24
0.1006 | 700 | 201 | 499 | 248

35 | 01002 [ 700 | 206 | 494 | 246 | 248t0.01 | 71
0.1007 7.00 1.99 5.01 2.49
0.1008 | 700 | 195 | 505 | 251

40 | 01007 | 700 | 191 | 500 | 253 [ 2501003 | 73
01002 | 700 | 205 | 495 | 247
01001 | 700 | 196 | 504 | 252

45 | 01004 | 700 | 182 | 518 | 258 |256t0.03 | 74
01003 | 700 | 18 | 517 | 258
01005 | 700 | 191 | 510 | 253

so0 | 01007 | 700 | 187 | 513 | 255 | 2531002 | 73
01004 | 700 | 195 | 506 | 25

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption




46

Table 3.8 Effect of pH of solution on cadmium(Il) adsorption by non-modified

seaweed

[
pH | Weight | i Ce Cad i %

(@ | (mgh) [ (mgh) [ mgh) | mee) X Ad

0.1005 5.00 4.12 0.88 0.44
2.0 0.1004 5.00 4.14 0.86 0.43 0.43+0.01 17
0.1003 5.00 4.17 0.83 0.41

0.1007 5.00 2.36 2.64 1.31
2.5 0.1005 5.00 2.45 2.55 1.27 1.3240.06 | 51
0.1002 5.00 222 2.78 1.39

0.1003 5.00 0.96 4.04 2.01
3.0 0.1006 5.00 0.94 4.06 2.02 2.02+0.01 81
0.1008 5.00 0.90 4.10 2.03

0.1005 5.00 0.61 4.39 2.19
3.5 0.1001 5.00 0.63 4.37 2.18 2.18+0.00 | 87
0.1006 5.00 0.61 4.39 2.18

0.1002 5.00 0.59 4.41 2.20
4.0 0.1003 5.00 0.59 4.42 2.20 2.20+0.01 88
0.1001 5.00 0.61 4.39 2.19

0.1003 5.00 0.68 4.32 2.15
4.5 0.1004 5.00 0.66 4.34 2.16 2.16+0.01 87
0.1005 5.00 0.65 4.35 2.16

0.1007 5.00 0.62 4.38 2.18
5.0 0.1005 5.00 0.64 4.36 2.17 2.17+0.01 87
0.1002 5.00 0.69 4.31 2.15

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.9 Effect of pH of solution on chromium(IIl) adsorption by non-modified

seaweed

[
pH | Weight | i Ce Cad i %

(g) (mg/H) | (mg/h) | mg) | (mg/e) X Ad

0.1003 10.00 5.45 4.55 2.27
2.0 0.1004 10.00 Secidh 4.46 2.22 2.25+0.03 | 45
0.1001 10.00 545 4.55 2.27

0.1005 10.00 2.48 7.52 3.74
2.5 0.1003 10.00 2.62 7.38 3.68 3.70£0.03 | 74
0.1002 10.00 2.60 7.40 3.69

0.1008 10.00 2.38 7.62 3.78
3.0 0.1004 10.00 231 7.69 3.83 3.82+0.04 | 77
0.1006 10.00 2.22 7.78 3.87

0.1007 10.00 4.46 5.54 2.75
3.5 0.1002 10.00 4.59 541 2.70 2.7240.03 | 54

0.1002 10.00 4.57 5.43 2.71
0.1005 10.00 4.48 5.52 2.75

4.0 0.1004 10.00 4.41 5.59 2.78 2.7740.02 | 56
0.1007 10.00 4.41 5.59 2.78
0.1003 10.00 4.41 5.59 2.79

4.5 0.1008 10.00 3.93 6.07 3.01 2.86+0.13 | 61
0.1003 10.00 4.41 5.59 2.79

0.1004 10.00 5.80 4.20 2.09
5.0 0.1005 10.00 5.79 4.21 2.09 2.1840.15 | 42
0.1006 10.00 5.26 4.74 2.36

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Figure 3.1 Effect of pH of solution on (a) lead(II), (b) copper(Il), (¢) cadmium(II) and

(d) chromium(III) adsorption by non-modified seaweed
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3.2.3 Effect of shaking time

In any sorption process, based on sorption of metal ions on any sorbents; it is

necessary to shake the solution at the appropriate period of time in order to study the

equilibrium of the sorption. In this experiment the shaking time of solution was

performed in the range of 5 to 120 min at speed of 200 rpm. The results obtained were

shown in Tables 3.10-3.13 and Figure 3.2.

Table 3.10 Effect of shaking time on lead(Il) adsorption by non-modified seaweed

Time | Weight | i Ce Cad & %

(min) (&) (mg/h) | (mg/h) | (mgh) [ (mg/g) X Ad
0.1004 | 3000 | 943 | 2057 | 1024

s | 01008 | 3000 | 916 | 2084 | 1034 [10.25+0.08] 69
0.1002 | 3000 | 962 | 2038 | 1017
0.1002 | 3000 | 693 | 2307 | 1151

10 | 01003 | 3000 | 694 | 2306 | 1149 |11.514001] 77
0.1005 | 3000 | 685 | 2315 | 1152
01007 | 3000 | 518 | 2482 | 1232

20 | 01006 | 3000 | 521 | 2479 | 1232 |12.32+000] 83
0.1007 | 3000 | 520 | 2480 | 1231
0.1008 | 3000 | 458 | 2542 | 1261

30 | 01005 | 3000 | 473 | 2527 | 1257 [12.62+0.05| 84
0.1006 | 3000 | 449 | 2551 | 12.68
0.1005 | 3000 | 364 | 2636 | 1311

60 | 01006 | 3000 | 369 | 2631 | 1308 [13.10+0.02] 88
0.1008 | 3000 | 3.55 | 2645 | 13.12
0.1009 | 3000 | 350 | 2650 | 13.13

o0 | 01005 | 3000 | 361 | 2639 | 1313 [13.10+0.05] 88
0.1006 | 3000 | 374 | 2626 | 13.05
0.1004 | 3000 | 364 | 2637 | 13.13

120 | 01005 | 3000 | 365 | 2635 | 1311 [12.79+057] s8
0.1007 | 3000 | 558 | 2442 | 12.12

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.11 Effect of shaking time on copper(Il) adsorption by non-modified seaweed

Time | Weight | Ci Ce Cad e %

iy | @ | men | o) | @) [owo T x| Ad
01002 | 700 | 501 | 199 | 099

s | 01004 | 700 | 522 | 178 | o088 | os9ro11 | 25
0.1001 | 700 | 544 | 156 | 078
01007 | 700 | 405 | 295 | 146

10 | 01005 | 700 | 419 | 281 | 140 | 1414006 | 40
01002 | 700 | 428 | 272 | 136
01008 | 700 | 3.04 | 39 | 197

20 | 01004 | 700 | 318 | 382 | 190 | 1.90+0.06 | 55
0.1002 | 700 | 331 | 369 | 1384
01005 | 700 | 233 | 467 | 232

30 | 01006 | 700 | 245 | 456 | 226 | 226+007 | 65
01003 | 700 | 263 | 437 | 2138
01003 | 700 | 195 | 505 | 252

60 | ot001 | 700 | 198 | 502 | 251 | 2520001 | 72
0.1006 | 700 | 192 | 508 | 25
01002 | 700 | 196 | 504 | 252

o0 | 01008 | 700 | 187 | 513 | 254 | 2544003 | 73
0.1007 | 700 | 183 | 517 | 257
01006 | 700 | 194 | 506 | 252

120 | 01003 | 700 | 196 | 504 | 251 | 250001 | 72
01008 | 700 | 189 | 511 | 253

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.12 Effect of shaking time on cadmium(Il) adsorption by non-modified

seaweed
: . : qe 0
Time Weight Ci Ce Cad _ /0
min) | (@ | (mgh) | (mgh) | (mg) | (mg/e) X Ad
0.1005 | 5.00 3.37 1.63 0.81
5 0.1003 | 5.00 3.33 1.67 0.83 | 0.78+0.08 | 33
0.1002 | 5.00 3.62 1.38 0.69

0.1002 5.00 2.55 245 1.22
10 0.1003 5.00 2.70 2.30 1.15 1.23+0.08 | 46
0.1006 5.00 235 2.65 1.32

0.1004 5.00 1.95 3.05 1.52
20 0.1005 5.00 1.92 3.08 1.53 1.53+0.02 | 62
0.1007 5.00 1.87 3.13 1.55

0.1003 5.00 0.95 4.05 2.02
30 0.1004 5.00 0.94 4.06 2.02 2.02+0.00 | 81
0.1005 5.00 0.94 4.06 2.02

0.1007 5.00 0.68 4.32 2.15
60 0.1004 5.00 0.86 4.14 2.06 2.11+0.04 | 83
0.1006 5.00 0.75 4.25 2.11

0.1003 5.00 0.66 4.34 2.17
90 0.1002 5.00 0.60 4.40 2.20 2.1840.02 | 88
0.1004 5.00 0.64 4.36 2.17

0.1006 5.00 0.67 4.33 2.15
120 0.1007 5.00 0.61 4.39 2.18 2.1740.02 | 88
0.1004 5.00 0.63 4.37 2.18

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.13 Effect of shaking time on chromium(IIl) adsorption by non-modified

seaweed
: . : qe 0
Time Weight Ci Ce Cad _ /0
min) | (@ | (mgh) | (mgh) | (mg) | (mg/e) X Ad
0.1002 | 10.00 5.61 4.39 2.19
5 0.1005 | 10.00 5.36 4.64 231 | 2.26+0.06 | 46
0.1004 | 10.00 5.45 4.55 227
0.1007 | 10.00 4.15 5.85 2.90
10 0.1004 | 10.00 4.21 5.79 2.88 | 2.88+0.03 | 58

0.1003 10.00 4.30 5.70 2.84

0.1005 10.00 3.20 6.80 3.38
20 0.1007 10.00 3.18 6.82 3.38 3.37+0.01 68
0.1004 10.00 3.26 6.74 3.36

0.1007 10.00 2.79 7.21 3.58
30 0.1009 10.00 2.67 7.33 3.63 3.60+0.03 | 73
0.1006 10.00 2.76 7.24 3.60

0.1003 10.00 242 7.58 3.78
60 0.1002 10.00 2.53 7.47 3.73 3.74+0.03 | 75
0.1002 10.00 2.55 7.45 3.72

0.1006 10.00 2.56 7.44 3.70
90 0.1006 10.00 2.57 7.43 3.69 3.6810.03 | 74
0.1004 10.00 2.69 7.32 3.64

0.1002 10.00 2.78 7.22 3.60
120 0.1005 10.00 2.60 7.40 3.68 3.65+0.04 | 74
0.1004 10.00 2.65 71.35 3.66

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Figure 3.2 Effect of shaking time on (a) lead(Il), (b) copper(Il), (c¢) cadmium(II) and

(d) chromium(IIT) adsorption by non-modified seaweed
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The amounts of adsorbed metal ions increased rapidly within the first 30 min.
After that, the amount of adsorbed metals rose slowly before going equilibrium. In
this experiment, the time to reach adsorption equilibrium was 60 min for all four
metal ions. The shaking time depends on kinetics of metal adsorption in the same way
of adsorption rate depends on the physical adsorption on the cell surface. The
adsorption rate of metal can be explained by the movement of metal ion. The metal
ions in the solution can move to the empty surface of seaweed very rapidly at the
early stage. After the metal ions have been built up at the adsorption site on the
surface of seaweed, a further movement of metal ions from solution would be retarded
due to filled of binding sites. In early state, probability of contact between sorbent and
sorbate is high. This may cause high rate of adsorption at the initial state. However,
there are several parameters that determine the adsorption rate. Such as stirring rate of
the aqueous phase, properties of sorbent and properties of metal ions.'” At
equilibrium, the adsorption of metal ions on the non-modified seaweed is greatest for
lead(IT) (88%) followed by cadmium(II) (87%) then chromium(III) (75%) and copper
(IT) (72%) indicating that the non-modified seaweed could be used as an efficient
adsorbent for the above four heavy metals studied. Simultaneous removal of lead(Il),
copper(ll), cadmium(II) and chromium(Ill) using the non-modified seaweeds are

proven to be possible.
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3.2.4 Effect of other metals

Previous experiments described in sections 3.2.1-3.2.3 revealed that the use of
non-modified seaweed for the removal of lead(Il), copper(Il), cadmium(Il) and
chromium(IIl) simultaneously would be possible. Attempts were made to examine
effects of other metals on the separation of each metal ion using the non-modified
seaweed as biosorbent. Other metals affecting the adsorption of metal of interest were
summarized in Table 3.14-3.17. It was found that the higher concentration of
competitive metal ions added, the lower adsorption efficiency of target ions yield by
non-modified seaweed. The results also show that this biosorbent could remove more
than one metallic species simultaneously which would be important in wastewater
treatment processes.18

The amount of each kind of metal ions ( Pb, Cd, Cu or Cr) sorbed on the non-
modified biosorbent from the aqueous solutions in the presence of the other three metal
ions is the greatest for lead(Il) (4.46-3.09 mg/g) followed by chromium(III) (3.72-2.58
mg/g) then cadmium(Il) (3.56-2.92 mg/g) and copper(Il) (3.06-2.76 mg/g) depending
on the weight ratio of the metal ions concerned (i.e., target ion : the other three ions =
1.0:0.5:0.5:0.5, 1.0:1.0:1.0:1.0, 1.0:1.5:1.5:1.5).

In the binary mixture, the metal ions uptake by the biosorbent are according to
the following decreasing order: Pb(II) (4.70-4.19 mg/g) > Cr(Ill) (3.94-2.96 mg/g) >
Cd(I) (3.86-3.42 mg/g) > Cu(Il) (3.23-3.01 mg/g).

For ternary mixture, the metal ions uptake by the biosorbent are according to
the following decreasing order: Pb(II) (4.66-3.60 mg/g) > Cr(IIl) (3.78-3.05 mg/g) >

Cd(1I) (3.85-3.04 mg/g) > Cu(Il) (3.11-2.78 mg/g).
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Table 3.14 Effect of copper(Il), cadmium(Il) and chromium(Ill) on lead(Il)
adsorption

Target metal : competitive | Amount of Pb(I) | Average amount | , A ti
metals adsorbed of Pb(II) adsorbed A,eﬂfll:ioerlfclon
Ratio (mg/g) (mg/g) Y

4.70
Pb(II) 4.74 4.72 -
4.74
4.65
Pb(1I):Cu(II) 4.67 4.67 -1
1.0:0.5
4.68
4.27
Pb(1I):Cu(II) 436 4.34 -8
1.0:1.0 ' '
4.40
4.26
Pb(II):Cu(II) 4.26 427 -10
1.0:1.5 ' '
4.27
4.28
Pb(II):Cr(III) 4.51 4.44 -6
1.0:0.5 ' '
4.53
4.32
Pb(1I):Cr(IIT) 4.32 431 -9
1.0: 1.0 '
4.31
4.18
Pb(IT): Cr(III) 4.19 4.19 -11
1.0:1.5 ' '
4.20
4.68
Pb(II):Cd(II) 4.71 4.70 -
1.0:0.5
4.72
4.42
Pb(H)ICd(H) 4.33 4.36 -7
4.23
Pb(II):Cd(II) 432 4.26 -10




57

Table 3.14 Effect of copper(Il), cadmium(Il) and chromium(Ill) on lead(Il)

adsorption (continue)

1.0 : 1.5 : 15 1.5

3.06

Target metal : competitive | Amount of Pb(I) | Average amount | , A t
metals adsorbed (mg/g) | of Pb(Il) adsorbed A)e ﬂfll:i(;fclon
Ratio (mg/g) Y
Pb(II): Cd(1I):Cu(Il) 449
2 Lu
1.0 : 05 : 05 3'32 N -
Pb(1I): Cd(IL):Cu(Il) s,
. Lu
1.0 : 1.0 : 1.0 jgi 431 -
Pb(II): Cd(I1):Cu(II) i
y Lu
1.0 : 1.5 : 15 ;;(1) 3.70 22
Pb(1I):Cr(I1I): Cu(II) p
LT LUl
1.0 : 0.5 : 05 j?g 451 4
Pb(1I):Cr(I1I): Cu(II) 7
LT LUl
4.2 4.2 -1
1.0 : 1.0 : 1.0 422 > 0
Pb(I1):Cr(II):Cu(II) 39
LT LUl
61 62 2
1.0 : 1.5 : 1.5 ;23 3.6 3
Pb(I1):Cr(IIT): Cd(II) - L
r .
4.64 4, -1
1.0: 05 : 0.5 426 66
Pb(11):Cr(III): Cd(II) ¢
Lr .
1.0 : 1.0 : 1.0 4.02 4.03 15
4.04
Pb(11): Cr(I11):Cd(II) 3.62
LT .
1.0 : 1.5 : 1.5 i'gé 2 g
Pb(11): Cr(I11): Cd(II):Cu(I) 447
LT . Lu
1.0 : 05 : 05 :05 e 246 Q
4.46
Pb(11): Cr(I11): Cd(II):Cu(ll) 4.00
LT . Lu
1.0 : 1.0 : 1.0 : 1.0 7.06 #.0% <
4.05
oD CdD. 3.10
Pb(11):Cr(11I): Cd(II): Cu(Il) 311 3.09 34
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Table 3.15 Effect of lead(II), cadmium(II) and chromium(III) on copper(1l) adsorption

Target metal : competitive | Amount of Cu(Il) | Average amount | , ;
metals adsorbed of Cu(II) adsorbed /o e?gsgrglon
Ratio (mg/g) (mg/g) Y

3.81
Cu(Il) 3.83 3.84 -
3.86
3.14
1.0:0.5
3.11
2.93
CU(H)ZCI'(HI) 2.98 2.98 =22
1.0:1.0
3.04
2.86
3.12
QuID:Cd(In) 311 3.12 18
1.0:0.5
3.13
3.20
Cu(R:Cd(ID) 3.8 3.23 16
1.0:1.0
3.21
3.02
Cu(II):Cd(I) 3.01 3.01 21
1.0:1.5
3.00
3.14
Cu(II):Pb(II) 3.15 3.14 -18
1.0: 0.5
3.12
3.17
1.0: 1.0 ' '
3.24
3.12
1.0: 1.5 ' '
3.16
Cu(IT):Pb(II): Cd(IT) S
u(Il): :
. . -2
1.0 : 05: 0.5 ;82 08 !
Cu(1I):Pb(II): Cd(I) 220
u(ID): :
1.0 : 1.0 : 1.0 282 28 2
2.83
PhID): Cd 2.98
Cu(II):Pb(II): Cd(II) 296 2.96 -23

1.0 : 1.5:1.5

2.95




59

Table 3.15 Effect of lead(Il), cadmium(Il) and chromium(Ill) on copper(Il)
adsorption (continue)

Target metal : competitive | Amount of Cu(ll) | Average amount | , A .
metals adsorbed of Cu(II) adsorbed A)efg:ioerlfclon
B> (mg/g) (mg/g) y
Cu(IT):Pb(I1):Cr(IIT) 3.09
u(ll): Cr
1.0 : 0.5 :0.5 gB 3.11 -19
Cu(ID):Pb(I1):Cr(11T) 7
u(ll): Cr
1.0 : 1.0 : 1.0 2.99 2.98 22
2.95
Cu(IT):Pb(I1):Cr(IIT) N2
u(ll): Cr
1.0 : 1.5: 15 ;-8; 3.03 21
Cu(ID):Cr(II):Cd(IT) 305
ul Lr :
1.0 : 05:05 g-(l)g 3.07 20
Cu(ID):Cr(II):Cd(IT) o
ul Lr :
1.0 : 1.0 : 1.0 2.73 2.78 27
2.77
Cu(ID):Cr(IIT):Cd(IT) 2.8
Ul Lr :
2. 2. D)
10 : 15 : 15 222 86 5
Cu(ID):Pb(IT):Cr(II1):Cd(1) A6
ul \ :Cr :
. , >
1.0: 05:05 :05 382 3.06 0
Cu(IT):Pb(IT):Cr(TIT):Cd(IT) nS
ul . Cr :
2.84 2. D)
10: 1.0 : 1.0 & L0 236 85 6
Cu(I1):Pb(I1):Cr(IID):Cd(II) 2.77
u(ll): :Cr :
TR NNy ;;2 2.76 28
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Table 3.16 Effect of lead(II), copper(Il) and chromium(IIT) on cadmium(II) adsorption

Target metal : competitive | Amount of Cd(II) | Average amount | , ;
metals adsorbed of Cd(II) adsorbed o e?gsgrglon
Ratio (mg/g) (mg/g) Y

3.86
Cddrn) 3.83 3.86 -
3.89
3.68
Cd(T):Cr(III) 369 3.69 -4
1.0:0.5
3.70
3.55
Cd(H)ZCr(HI) 3.52 3.57 -7
1.0:1.0
3.64
3.41
Cd(II):Cr(IIT) 3 44 3.42 -11
1.0:1.5
3.42
3.80
Cd(H):Cu(II) 3.79 3.82 -1
1.0:0.5
3.86
3.69
1.0:1.0
3.73
345
Cd(II):Cu(II) 3.46 3.46 -10
1.0:1.5
3.46
3.86
Cd(I):Pb(II) 387 3.86 -
1.0:0.5
3.85
3.71
1.0:1.0 ' '
3.69
3.70
1.0:1.5 ' '
3.74
Cd(I1):Pb(II): Cu(Il) -
: : Cu
1.0 : 0.5 : 05 o-86 > :
3.86
Cd(11):Pb(II): Cu(II) a7
: : Cu
1.0 : 1.0 : 1.0 > 334 e
3.38
T 3.33
Cd(I):Pb(II): Cu(II) 331 3.31 -14

1.0: 15:1.5

3.30
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Table 3.16 Effect of lead(Il), copper(Il) and chromium(Ill) on cadmium(Il)

adsorption (continue)

1.0: 15 : 15:15

2.96

Target metal : competitive | Amount of Cd(Il) | Average amount | , A t
metals adsorbed of Cd(II) adsorbed A)eﬂfll:ioerlfclon
Ratio (mg/g) (mg/g) 4
Cd(II):Pb(II):Cr(III) b
: :Cr
1.0 : 0.5 : 05 g;i N 2
Cd(II):Pb(II):Cr(I1I) I
; :Cr
1.0 : 1.0 : 1.0 gig 350 -
Cd(II):Pb(1I):Cr(I1I) Nt
j :Cr
1.0 : 1.5 : 1.5 N 3.46 10
3.49
Cd(II):Cr(III):Cu(I) 30
:Cr(IIT):Cu
1.0 : 05 :0.5 {5 370 4
3.71
Cd(II):Cr(III):Cu(II) N
:Cr(IIT):Cu
. A -1
1.0 : 1.0 : 1.0 g(l)g 313 o
Cd(I1):Cr(I11): Cu(II) 2
:Cr(IIT):Cu
.04 .04 21
1.0: 1.5 : 15 ;83 30
) , . 3.57
Cd(II):Pb(II): Cr(III): Cu(II) 356 ¢ % "
10:05 : 0.5:05 o o -
3.55
. : : 3.65
Cd(ID):Pb(11): Cr(IIL):Cu(I)
10:1.0 : 1.0: 1.0 3.11 3.28 -13
3.08
C(IT):Pb(IT):Cr(IIT):Cu(Il) 2.88
' ' : 291 2.92 -24
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Table 3.17 Effect of lead(II), copper(Il) and cadmium(II) on chromium(III) adsorption

Target metal : competitive | Amount of Cr(IlI) | Average amount | , .
metals adsorbed of Cr(III) Ae{?gs;rrll)ct:;on
Ratio (mg/g) adsorbed (mg/g)
3.89
Cr(IID) 3.94 3.93 -
3.96
3.87
Cr(HI).:Cu(II) 377 384 2
1.0:0.5 3.87
3.30
Cr(HI).:Cu(II) 336 334 15
1.0:1.0 337
3.24
Cr(IH).:Cu(H) 324 323 18
1.0:1.5 320
3.70
Cr(IIT):Cd(IT) 378 372 5
1.0:0.5 3.68
3.33
Cr(IH).:Cd(H) 330 3.34 15
1.0:1.0 3.38
3.43
Cr(lID):Cd(II) 3.42 3.42 113
1.0:1.5 3.40
3.79
Cr(IH).:Pb(II) 350 3.69 10
1.0: 0.5 378
3.10
Cr(IH).:Pb(II) 312 311 91
1.0: 1.0 312
2.98
Cr(IH).:Pb(II) 2,96 2,96 93
1.0: 1.5 XY
Cr(IIT):Pb(II): Cd(II) 373
1.0 : 0.5 : 0.5 374 372 3
3.76
Cr(I11):Pb(II): Cd(1I) 311
1.0 : 1.0 : 1.0 310 311 2
3.12
Cr(IIT):Pb(II): Cd(1II) 329
1.0 : 1.5 : 15 ;;g 3.28 1
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Table 3.17 Effect of lead(Il), copper(Il) and cadmium(Il) on chromium(IIl)
adsorption (continue)

Target metal : competitive Amount of Cr Average Amount | , A t
metals (I1T) adsorbed of Cr(III) /o o ﬂfll:i(;fc;on
Ratio (mg/g) adsorbed (mg/g)
3.76
Cr(IIT):Pb(1I):Cu(II) )
1.0 :05:05 g;z 8 4
3.30
Cr(I11):Pb(11):Cu(1L) A3 3%3 s
1.0: 1.0 : 1.0
3.35
3.13
Cr(IIT):Pb(11):Cu(II) 314 315 0
1.0: 15:15 ' '
3.16
Cr(IIT):Cd(II):Cu(IT) 370
r(TIT): :Cu
1.0 : 0.5 : 0.5 g;g 378 B
3.34
Cr(IIT): Cd(II): Cu(II) 330 332 16
1.0: 1.0 : 1.0 ' '
3.32
3.02
Cr(III):Cd(II): Cu(II) 3.0] 305 29
1.0: 15:15 '
3.11
: : . 3.75
Cr(IIT):Pb(11): Cd(II): Cu(IT) 371 s 7
1.0 : 0.5 : 05 : 0.5 7 7 -
3.69
: : : 3.22
Cr(I11):Pb(11):Cd(ID):Cu(Il)
10: 1.0 : 1.0 : 1.0 3.21 3.22 18
3.22
Cr(TIT):Pb(IT):Cd(IT):Cu(Il) 2.54
10:1.5: 1.5 : 1.5 T it 4
2.60
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Figure 3.3 Effect of competitive metals on (a) lead(II), (b) copper(Il), (c) cadmium(IIl)

and (d) chromium(III) adsorption by non-modified seaweed
. Target:Competitive = 1.0:0.5 % Target:Competitive = 1.0:1.0
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3.2.5 Isotherm character for dried seaweed

Certain constant values of the express surface properties and affinity of
the sorbent characterize the adsorption isotherm. It can also used to compare
adsorption capacity of biomass in hetero ions system. Out of several isotherm
equations, two of which have been applied for this study, the Freundlich and
Langmuir isotherms.

The adsorption isotherm was investigated at various concentrations of
lead(IT) (30.00-50.00 mg/l), copper(Il) (5.00-30.00 mg/l), cadmium(II) (10.00-50.00
mg/l) and chromium(Ill) (5.00-25.00 mg/l), respectively. The Langmuir and
Freundlich adsorption isotherms of each metal ion for non-modified seaweed were
shown in Figures 3.4-3.5.

As described in chapter 1, isotherm data obtained from the experiment
will be converted to Langmuir and Freudlich equations. The regression coefficients
are used as a criterion to consider the type of adsorption. The results of R? shown in
Figure 3.4 - 3.5 of Langmuir and Freudlich isotherm are grater than 0.97. This can be
concluded that the type of adsorption can be ascribed to both Langmuir and Freudlich
models.

The Langmuir adsorption isotherm has traditionally been used to
quantify and performance of biosorbent. In its formulation, binding to the surface was
primarily by physical forces and implicit in its derivation which was the assumption
that all sites possess equal affinity for the adsorbate. It was extended to empirically
describe equilibrium relationships between a bulk liquid phase and a solid phase. In

chapterl, Q° is amount of metal adsorbed per gram of dried seaweed forming a
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complete monolayer on the surface and b is Langmuir adsorption constant. Langmuir
adsorption theory requires that adsorption is limited to the formation of a monolayer
and all surface sites have the same energy or equal affinity for the adsorbate. High
values of b are reflected by the steep initial slope of a sorption isotherm and indicate a
high affinity for the adsorbate. In terms of implementation, biosorbents with the
highest possible Q°and a high value of b are the most desirable.

The Freudlich isotherm is originally of an empirical nature, but was
later interpreted as sorption to heterogeneous surfaces or surfaces supporting sites of
varied affinities. It is assumed that the stronger binding sites are occupied first and
that the binding strength decreases with increasing degree of site occupation.
Specifically, the Freudlich isotherm is obtained when a log-normal affinity
distribution is assumed. Where Ky and n are empirically determined constants, with
Kr being related to the maximum binding capacity, and n related to the affinity or
binding strength."’

The adsorption phenomena can be describes by the two differentiation
isotherms. Langmuir isotherm indicated the mono-layer surface binding. At lower
concentration of sorbate tends to bind with sites of sorbent in one layer. At the high
concentration of sorbate the Freudlich isotherm is used to explain the multi-layer

adsorption phenomena.



Table 3.18 Adsorption of lead(Il) by non-modified seaweed
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G C. qe
(mg/l) (mg/l) (mg/g) 1/Ce 1/qe log Ce log qe
30.00 2.40 13.74 0.42 0.07 0.38 1.14
35.00 2.85 16.01 0.35 0.06 0.46 1.20
40.00 3.22 18.34 0.31 0.05 0.51 1.27
45.00 3.61 20.60 0.28 0.05 0.56 1.31
50.00 4.21 22.81 0.24 0.04 0.63 1.36

Ci: initial concentration, Ce: residual concentration, qe: amount of metal ions
adsorbed per gram seaweed

Table 3.19 Adsorption of copper(Il) by non-modified seaweed

G Ce ge
(mg/) (mg/l) (mg/e) 1/Ce 1/qe log C. log qe
5.00 1.55 1.72 0.65 0.58 0.19 0.24
7.00 1.92 2.53 0.52 0.40 0.28 0.40
10.00 2.81 3.59 0.36 0.28 0.45 0.56
15.00 3.87 5.54 0.26 0.18 0.59 0.74
20.00 2.22 7.21 0.18 0.14 0.74 0.86
30.00 8.07 10.92 0.12 0.09 0.91 1.04

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed
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Table 3.20 Adsorption of cadmium(Il) by non-modified seaweed

G Ce qe
(mg/l) (mg/l) (mg/g) 1/C. 1/qe log Ce log qe
10.00 2.12 4.01 0.47 0.25 0.33 0.60
15.00 3.49 5.82 0.29 0.17 0.54 0.77
20.00 5.54 7.31 0.18 0.14 0.74 0.86
30.00 9.59 10.18 0.10 0.10 0.98 1.00
40.00 13.64 13.13 0.07 0.08 1.14 1.12
50.00 16.29 16.79 0.06 0.06 1.21 1.23

Ci: initial concentration, Ce: residual concentration, qe: amount of metal ions
adsorbed per gram seaweed

Table 3.21 Adsorption of chromium(III) by non-modified seaweed

G Ce qe
(mg/1) (mg/1) (mg/g) 1/C. 1/qe log C. log qe
5.00 1.09 1.95 0.92 0.51 0.04 0.29
10.00 3.14 3.42 0.32 0.29 0.50 0.53
15.00 6.65 4.15 0.15 0.24 0.82 0.62
20.00 10.99 4.48 0.09 0.22 1.04 0.65
25.00 15.04 4.95 0.07 0.20 1.18 0.70

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed,
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Figure 3.4 Langmuir adsorption isotherm of (a) lead(II), (b) copper(Il),

(c) cadmium(II) and (d) chromium(IIT) by non-modified seaweed
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Figure 3.5 Freundlich adsorption isotherm of (a) lead(II), (b) copper(Il),

(c) cadmium(II) and (d) chromium(III) by non-modified seaweed
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Table 3.22 A comparison of Langmuir adsorption constants between each metal using

non-modified seaweed as a sorbent

The Langmuir adsorption constants
Metal Q° b R
Lead(1l) 270.27 0.02 0.9951
Copper(II) 129.87 0.01 0.9919
Cadmium(II) 21.98 0.10 0.9850
Chromium(III) 5.43 0.52 0.9982

Q°: amount of metal adsorbed per gram of dried seaweed forming a complete
monolayer on the surface (mg/g)

b: Langmuir adsorption constant,
R*: correlation coefficient

Table 3.23 A comparison of Freundlich adsorption constants between each metal

using non-modified seaweed as a sorbent

The Freundlich adsorption constants
Metal K " R’
Lead(II) 6.15 1.08 0.9917
Copper(11) 1.17 0.92 0.9905
Cadmium(II) 2.37 1.49 0.9891
Chromium(IIT) 2.06 293 0.9503

R*  correlation coefficient
Kr: Freundlich constant representing adsorption capacity
n: Freundlich constant representing adsorption intensity
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3.3 The Optimization of Adsorption Conditions for Modified Seaweed

The dried seaweed powder with optimum sizes (0.21-0.36 mm) as previously
described in section 3.2.1 was chemically modified by crosslink-xanthate method.
The modified seaweed was used as biosorbent for the removal of Pb(Il), Cu(Il), Cd
(IT) and Cr(III). Optimum conditions for the adsorption of some heavy metal ions (Pb,
Cu, Cd and Cr) were investigated by univariate method as described earlier with the

non-modified seaweed (section 3.2).

3.3.1 Effect of initial pH of solution

The effect of initial pH of solution was examined by varying the initial
pH of solution in the range of 2.0-5.0. The results obtained were shown in Tables
3.24-3.27 and Figure 3.6. It was found that the suitable pH of solution for lead(Il),
chromium(IIl) copper(Il) and cadmium(Il) were 3.5, 3.0, 3.5 and 3.5, respectively
which were different from those obtained with the non-modified seaweed(3.5, 4.5, 4.0
and 3.0, respectively). The explanation for this might be due to the fact that the
functional group of the surface of the modified seaweed is changed from organic
substrate to xanthate which acted as cation exchanger with Na" form. So the pH of
solution required for binding the four heavy metals is altered. Refer back to Tables
3.24-3.27 and Figure 3.6, it is shown that the adsorption of the four metal ions studied
on the modified seaweed is greatest for lead(Il) (91%) followed by cadmium(Il)
(91%) then copper(Il) (86%) and chromium(IIl) (86%). By comparison with those

obtained with the non-modified seaweed the binding ability of the biosorbent is



73

according to the following decreasing order: Pb(Il) (90%) > Cd(II) (88%) > Cr(III)
(77%) > Cu(Il) (74%). For the modified seaweed, the binding ability sequence is as
follows: Pb(II) (91%) > Cd(II) (91%) > Cu(Il) (86%) > Cr(III) (86%). It can be seen
that the modified seaweed can enhance the removal of all the four heavy metals
studied to some extents [1% for Pb(II), 3% for Cd(II) and 9% for Cr(III)]. However
both non-modified and modified seaweeds could be used for treatment of the four
heavy metals in industrial wastewater. The effect of pH of solution by non-modified

seaweed was similar to that of modified seaweed.
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Table 3.24 Effect of pH of solution on lead(IT) adsorption by modified seaweed

(&
pH | Weight | ci Ce Cad ; %

(2) (mg/l) | (mg/M) | (mg) | (mg/g) X Ad

0.1002 40.00 9.16 30.84 15.39
2.0 0.1005 40.00 9.14 30.86 15.35 15.374£0.02 | 77
0.1004 40.00 9.16 30.85 15.36

0.1006 40.00 5.66 34.34 17.07
2.5 0.1003 40.00 5.82 34.18 17.04 17.05+0.02 | 85
0.1004 40.00 5.77 34.23 17.05

0.1001 40.00 3.65 36.35 18.16
3.0 0.1007 40.00 3.75 36.26 18.00 18.08+0.08 | 91
0.1005 40.00 3.69 36.31 18.07

0.1006 40.00 3.53 36.47 18.12
3.5 0.1003 40.00 3.43 36.57 18.23 18.19+0.06 | 91
0.1001 40.00 3.53 36.47 18.22

0.1007 40.00 3.62 36.38 18.06
4.0 0.1002 40.00 3.64 36.36 18.14 18.074£0.07 | 91
0.1008 40.00 3.69 36.31 18.01

0.1006 40.00 3.72 36.28 18.03
4.5 0.1003 40.00 3.69 36.31 18.10 18.09+0.05 | 91
0.1002 40.00 3.68 36.32 18.13

0.1009 40.00 3.82 36.18 17.93
5.0 0.1005 40.00 3.77 36.23 18.02 17.9940.05 | 91
0.1007 40.00 3.74 36.26 18.00

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.25 Effect of pH of solution on copper(Il) adsorption by modified seaweed

(&
pH | Weight | ci Ce Cad ; %

(2) (mg/l) | (mg/M) | (mg) | (mg/g) X Ad

0.1004 15.00 5.27 9.73 4.85
2.0 0.1005 15.00 5.12 9.88 4.92 4.82+0.10 | 66
0.1004 15.00 5.54 9.46 4.71

0.1002 15.00 3.58 11.42 5.70
2.5 0.1002 15.00 3.58 11.43 5.70 5.68+0.03 | 76
0.1004 15.00 3.65 11.35 5.65

0.1001 15.00 2.28 12.72 6.35
3.0 0.1005 15.00 2.30 12.70 6.32 6.34+0.02 | 85
0.1007 15.00 224 12.76 6.33

0.1003 15.00 2.13 12.87 6.42
3.5 0.1003 15.00 2.13 12.88 6.42 6.42+0.00 | 86
0.1004 15.00 2.11 12.90 6.42

0.1007 15.00 2.25 12.75 6.33
4.0 0.1004 15.00 2.27 12.73 6.34 6.34+0.01 | 85
0.1008 15.00 2.22 12.78 6.34

0.1003 15.00 2.35 12.65 6.30
4.5 0.1004 15.00 2.46 12.55 6.25 6.28+0.03 | 84
0.1002 15.00 242 12.58 6.28

0.1008 15.00 2.44 12.57 6.23
5.0 0.1006 15.00 2.46 12.54 6.23 6.23+0.00 | 84
0.1007 15.00 2.45 12.55 6.23

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.26 Effect of pH of solution on cadmium(II) adsorption by modified seaweed

pH | Weight | ci Ce Cad a %
@ | o)) | me) | m2) (oo | x| Ad
0.1003 | 2500 | 601 | 1899 | 947

20 | 01002 | 2500 | 606 | 1894 | 945 | 945001 | 76
0.1004 | 2500 | 6.04 | 1896 | 944
01003 | 2500 | 511 | 1989 | 901

25 | 01002 | 2500 | 516 | 1985 | 990 [ 9.90+0.01 | 79
0.1003 | 2500 | 516 | 1984 | 9389
0.1001 | 2500 | 268 | 2232 | 11.15

30 | 01004 | 2500 | 265 | 2235 | 1113 | 11144001 89
0.1002 | 2500 | 268 | 2232 | 11.14
01002 | 2500 | 224 | 2276 | 1136

35 | 01003 | 2500 | 226 | 2274 | 1133 [11.35:001] 91
0.1003 | 2500 | 223 | 2277 | 1135
01002 | 2500 | 242 | 2259 | 1127

40 | 01003 | 2500 | 246 | 2254 | 1124 |11.24+0.03| 90
0.1004 | 2500 | 249 | 2251 | 1121
01003 | 2500 | 250 | 2250 | 11.22

45 | 01002 | 2500 | 246 | 2254 | 1125 |11.24+0.02| 90
0.1002 | 2500 | 246 | 2254 | 1125
01003 | 2500 | 238 | 2262 | 1128

so | 01005 | 2500 | 238 | 2262 | 1125 [11.27+0.01] 90
01002 | 2500 | 241 | 2259 | 1127

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.27 Effect of pH of solution on chromium(III) adsorption by modified

seaweed
) . qe

pH Weight Ci Ce Cad %

(2) (mg/) | (mg/) | (mg/) | (mg/e) X Ad
0.1006 15.00 6.50 8.50 4.22

2.0 0.1005 15.00 6.48 8.52 4.24 4.23+0.01 57
0.1004 15.00 6.50 8.50 4.24
0.1002 15.00 3.72 11.28 5.63

25 0.1005 15.00 3.69 11.31 5.63 5.63+0.01 75
0.1004 15.00 3.68 11.32 5.64
0.1002 15.00 2.18 12.82 6.40

3.0 0.1005 15.00 2.19 12.81 6.37 6.39+0.02 | 86
0.1004 15.00 2.12 12.88 6.41
0.1002 15.00 2.38 12.62 6.30

3.5 0.1001 15.00 241 12.59 6.29 6.29+0.00 | 84
0.1002 15.00 2.38 12.62 6.30
0.1003 15.00 2.37 12.63 6.30

4.0 0.1002 15.00 2.43 12.57 6.27 6.27+0.03 84
0.1004 15.00 2.48 12.52 6.24
0.1003 15.00 2.40 12.60 6.28

4.5 0.1003 15.00 2.42 12.58 6.27 6.28+0.01 84
0.1002 15.00 2.39 12.61 6.29
0.1001 15.00 2.38 12.62 6.31

5.0 0.1002 15.00 2.38 12.62 6.30 6.30+0.01 84
0.1001 15.00 241 12.59 6.29

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:

amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Figure 3.6 Effect of pH of solution on (a) lead(II), (b) copper(Il), (c) cadmium(II) and

(d) chromium(IIT) adsorption by modified seaweed
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The removal of metal ions in aqueous and wastewater are highly dependent
on the pH of the solution which affects the surface charge of the adsorbent and the
speciation of the species. The seaweed was modified by crosslink-xanthatemethod.

The hydroxly groups in cellulose and alginate were substituted to xanthate groups.*
R-OH + S=C=S + NaOH Cv R—O(ﬁSNa + H,O
Xanthate group is replaced by a heavy metal ion.

R-OCSNa + M* —» R-O%SM + Na'
S

In the same way of non-modified seaweed, pH of the solution affected the
adsorption of the sorbent by the competition of the hydronium ions and metal ions.
The active sites of the sorbent adsorb the hydronium ions rather than the metal ions at
the low pH. In this case the interaction forces between the hydronium and metal ions
is not considered.

With the high pH (greater than 5), the metal ion in the solution will
precipitation with the hydroxide ion. So the experiment was limited the range of pH

parameter studied form 2 to 5 (step 0.5).
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3.3.2 Effect of shaking time

As mentioned in section 3.2.3 shaking time is one of the most important
parameters for any sorption process. The shaking time should be sufficient for
complete sorption to be occurred. The kinetics of the sorption process to attain the
equilibrium depends on the shaking time. Therefore, the same optimization of shaking
time procedure used for the non-modified seaweed was repeated for the modified
seaweed for the removal of Pb(II), Cu(Il), Cd(II) and Cr(III).

The effect of shaking time on adsorption of lead(II), chromium(III) copper(II)
and cadmium(IT) on modified seaweed was studied as in Tables 3.8-3.31 and Figure
3.7. The adsorption occurred in two phases; an initial phase occurred quickly in first
20 min, the slower second phase continued until the end of the experimental period.
The equilibrium was reached within 60 min. At equilibrium, the adsorption of the four
heavy metals studied on the modified biosorbent falls into the follwing decreasing
order: Pb(Il) (91%) > Cd(II) (91%) > Cu(Il) (86%) > Cr(IIl) (85%) whereas that for
the non-modified one is Pb(Il) (88%) > Cd(II) (83%) > Cr(III) (75%) > Cu(Il) (72%).
The enhancement in adsorption of the four heavy metals studided can be obtained
using the modified seaweed which are 3% for Pb(Il), 8% for Cd(Il), 14% for Cu(Il)
and 10% for Cr(IlI). Again, this implies that simultaneous removal of the above four
heavy metals may be possible based on sorption of the metal ions on the non-modified
and/or modified seaweed.

The effect of shaking time also has a role in the adsorption kinetics. The
modified cell surface and the modified active site results in the same adsorption

phenomena as those of the non-modified one. Rapid adsorption is obtained at the
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beginning and increase slowly before reaching equilibrium. From the pattern of the

adsorption, this may occur in other adsorption system even mono or hetero-element.
As the adsorption with the modified seaweed yielded more than the non-

modified one with equal shaking time. The efficiency of the modified seaweed is

greater than that of non-modified seaweed.

Table 3.28 Effect of shaking time on lead(I) adsorption by modified seaweed

e
Time Weight Ci Ce Cad b %

(min) (2) (mg/) | (mg/D) | gD | (110/0) X Ad

0.1003 40.00 13.16 26.84 13.38
5 0.1004 40.00 13.19 26.81 13.35 | 13.37£0.01 | 67
0.1002 40.00 13.20 26.80 13.37

0.1002 40.00 11.59 28.41 14.18
10 0.1002 40.00 11.69 28.31 14.13 | 14.14+0.03 | 71
0.1004 40.00 11.63 28.37 14.13

0.1002 40.00 7.60 32.40 16.17
20 0.1003 40.00 7.53 3247 16.19 | 16.17£0.02 | 81
0.1003 40.00 7.60 32.40 16.15

0.1004 40.00 5.36 34.64 17.25
30 0.1002 40.00 5.43 34.57 17.25 | 17.25+£0.00 | 86
0.1003 40.00 5.40 34.60 17.25

0.1004 40.00 3.49 36.51 18.18
60 0.1005 40.00 3.51 36.49 18.15 | 18.34+£0.31 | 91
0.1002 40.00 2.53 3747 18.70

0.1001 40.00 2 36.49 18.23
90 0.1002 40.00 3.51 36.49 18.21 | 18.21+0.01 | 91
0.1002 40.00 Byl 36.49 18.21

0.1003 40.00 3.53 36.47 18.18
120 0.1002 40.00 3.51 36.49 18.21 | 18.20+£0.01 | 91
0.1002 40.00 3.52 36.48 18.20

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, ge:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.29 Effect of shaking time on copper(Il) adsorption by modified seaweed

(&
Time | Weight | Ci Ce Cad r %
(min) (2 (mg/l) | (mg/h) | (mg/) | (mg/g) X Ad
01003 | 1500 | 556 | 944 | 470
s | o100s | 1500 | 565 | 935 | 465 | 4674003 | 62
0.1002 | 1500 | 565 | 935 | 467

0.1003 15.00 4.11 10.89 5.43
10 0.1002 15.00 4.14 10.86 5.42 5.41+0.02 | 72
0.1004 15.00 4.17 10.83 5.39

0.1002 15.00 3.66 11.34 5.66
20 0.1002 15.00 3.69 11.31 5.64 5.65+0.01 | 75
0.1003 15.00 3.68 11.32 5.64

0.1004 15.00 2.72 12.28 6.12
30 0.1002 15.00 2.73 12.27 6.12 6.12+0.00 | 82
0.1003 15.00 2.73 12.27 6.12

0.1006 15.00 2.08 12.92 6.42
60 0.1004 15.00 2.10 12.90 6.43 6.43+0.01 | 86
0.1002 15.00 2.09 12.91 6.44

0.1003 15.00 2.11 12.89 6.43
90 0.1003 15.00 2.11 12.89 6.42 6.42+0.00 | 86
0.1004 15.00 2.11 12.89 6.42

0.1004 15.00 2.06 12.94 6.45
120 0.1002 15.00 2.10 12.90 6.44 6.44+0.00 | 86
0.1003 15.00 2.08 12.92 6.44

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed concentration, qe:
amount of metal ions adsorbed per gram seaweed, %Ad: percentage of adsorption
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Table 3.30 Effect of shaking time on cadmium(II) adsorption by modified seaweed

(&
Time | Weight | Ci Ce Cad r %
(min) (2 (mg/l) | (mg/h) | (mg/) | (mg/g) X Ad
01002 | 2500 | 477 | 2023 | 10.10
s | 01004 | 2500 | 485 | 2015 | 1004 | 10.06+0.03 | 81

0.1002 25.00 4.86 20.14 10.05

0.1005 25.00 3.54 21.47 10.68
10 0.1002 25.00 3.58 21.42 10.69 10.69+0.01 | 86
0.1001 25.00 3.60 21.40 10.69

0.1003 25.00 2.76 22.24 11.09
20 0.1002 25.00 2.77 22.23 11.09 11.09+0.00 | 89
0.1002 25.00 2.77 22.23 11.09

0.1001 25.00 243 22.57 11.27
30 0.1004 25.00 247 22.54 11.22 11.254+0.03 | 90
0.1004 25.00 243 22.57 11.24

0.1005 25.00 2.23 22.77 11.33
60 0.1003 25.00 2.26 22.74 11.34 11.344£0.01 | 91
0.1002 25.00 2.25 22.75 11.35

0.1001 25.00 2.21 22.79 11.38
90 0.1003 25.00 222 22.78 11.36 11.36+0.02 | 91
0.1004 25.00 2.20 22.80 11.35

0.1002 25.00 224 22.76 11.36
120 0.1003 25.00 2.22 22.79 11.36 11.354£0.01 | 91
0.1003 25.00 2.25 22.75 11.34

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed
concentration, qe: amount of metal ions adsorbed per gram seaweed, %Ad:
percentage of adsorption
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Table 3.31 Effect of shaking time on chromium(III) adsorption by modified seaweed

Time Weight Ci Ce Cad a° %

(min) (g) (mg/l) | (mg/) | (mg/) | mg/g) X Ad
0.1003 15.00 6.13 8.87 4.42

5 0.1005 15.00 6.15 8.85 4.40 4.4140.01 | 59
0.1002 15.00 6.19 8.81 4.40
0.1001 15.00 5.44 9.56 4.78

10 0.1003 15.00 5.48 9.52 4.75 4.76+0.01 | 63

0.1002 15.00 5.46 9.54 4.76

0.1002 15.00 4.34 10.67 5.32
20 0.1002 15.00 4.36 10.64 5.31 5.3140.01 71
0.1004 15.00 4.36 10.64 5.30

0.1003 15.00 3.15 11.85 591
30 0.1002 15.00 3.16 11.84 591 5.90+0.01 | 79
0.1001 15.00 3.21 11.79 5.89

0.1006 15.00 2.17 12.83 6.38
60 0.1005 15.00 2.19 12.82 6.38 6.38+0.00 | 85
0.1002 15.00 2.22 12.78 6.38

0.1002 15.00 2.18 12.82 6.40
90 0.1004 15.00 221 12.79 6.37 6.38+0.02 | 85
0.1003 15.00 2.22 12.78 6.37

0.1004 15.00 2.20 12.81 6.38
120 0.1001 15.00 2.25 12.76 6.37 6.37+0.00 | 85
0.1002 15.00 224 12.76 6.37

Ci: initial concentration, Ce: residual concentration, Cad: adsorbed
concentration, ge: amount of metal ions adsorbed per gram seaweed, %Ad:
percentage of adsorption
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Figure 3.7 Effect of shaking time on (a) lead(Il), (b) copper(Il), (c) cadmium(Il) and

(d) chromium(III) adsorption by non-modified seaweed
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3.3.3 Effect of other metals

Previous investigations indicate that both non-modified and modified seaweed
with the particle sizes of 0.21-0.36 mm can be used as biosorbents for Pb(II), Cu(Il),
Cd(II) and Cr(III) rather satisfactorily. The poor selectivity of both biosorbents may
lead to the simultaneous removal of these four heavy metals in aqueous solution.

The low selectivity of modified seaweed for the four heavy metal ions was
investigated in binary, ternary and quaternary systems. The experiment was done by
varied the ratio of target ion and competitive in solution and uptake by modified
seaweed. The amount of main ion adsorbed was decreased when the concentration of
co-ion increased. All studied metal species could be removed simultaneously by the
modified seaweed.

The results from effect of other metals were shown in Table 3.31-3.34. It was
found that each target metal ion sorbed on the biosorbent in the present of other metal
ions in binary, ternary and quaternary mixtures would decrease owing to the
competitive effect. However, adsorption of Pb(Il) on the non-modified seaweed and
Cd(II) on the modified seaweed are the greatest. However the amounts of each target
metal adsorbed on the biosorbents in the mixture are lined according to the following
decreasing order: for the modified seaweed: Cd(II) > Pb(Il) > Cr(III) > Cu(Il) for the
non-modified one: Pb(Il) > Cd(II) > Cr(Ill) > Cu(Il). The amounts of each metal
adsorbent on the modified seaweed are greater than that obtained by using the non-

) . 21
modified one as biosorbent.
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Table 3.32 Effect of copper(Il), cadmium(Il) and chromium(Ill) on lead(Il)
adsorption

Target metal : competitive | Amount of Pb(Il) | Average amount || o, Adsorption
metals adsorbed of Pb(II) adsorbed | efficiency
Ratio (mg/g) (mg/g)

4.80
Pb(II) 477 4.79 -
4.80
4.46
Pb(1I):Cu(II) 4.45 4.47 -7
1.0:0.5
451
4.33
Pb(II):Cu(II) 4.32 431 -10
1.0:1.0 ' '
4.29
4.19
Pb(II):Cu(II) 4.23 422 -12
1.0:1.5 ' '
4.23
4.49
Pb(H):CI’(IH) 4.50 4.50 -6
4.37
Pb(II):Cr(III) 4.34 4.35 -9
1.0: 1.0 4.33
4.24
Pb(II):Cr(IIT) 4.4 4.23 -12
1.0:1.5 ' '
4.22
4.41
Pb(11):Cd(II) 4.43 4.42 -8
1.0:0.5
4.44
4.27
Pb(H)ICd(H) 431 4.30 -10
1.0:1.0
4.33
4.12
Pb(II):Cd(II) 416 4.14 -13
1.0:1.5
4.15
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Table 3.32 Effect of copper(Il), cadmium(II) and chromium(III) on lead(II)

adsorption (continue)

1.0 : 1.5 : 15 15

3.81

Target metal : competitive | Amount of Pb(Il) | Average amount |, A t
metals adsorbed of Pb(II) adsorbed A)efgsglfclon
Ratio (mg/g) (mg/g) d
431
Pb(II): Cd(II):Cu(IT) i
1.0 : 0.5 : 0.5 jii g1 10
Pb(II): Cd(IL):Cu(II) ig 2
: :Cu
1.0 : 1.0 : 1.0 j'; =19 12
Pb(II): Cd(I1):Cu(IL) !
y :Cu
1.0 : 1.5 : 15 j'(o)i +02 16
Pb(1I): Cr(I1I): Cu(II) b
:Cr(IIT):Cu
1.0 : 05 : 05 jgz 435 °
Pb(II): Cr(I1I):Cu(II) T
:Cr(IIT):Cu
4.1 4.1 -12
1.0 : 1.0 : 1.0 42§ /
Pb(II):Cr(I1I): Cu(1I) 4>
:Cr(lI1):Cu
4, 4. -1
1.0 : 1.5 : 15 483 07 >
Pb(II):Cr(III): Cd(I1) 228
:Cr(III):
4, 4.2 -1
1.0: 05 : 0.5 438 ? 0
Pb(II):Cr(I1I): Cd(I1) ¢
:Cr(III):
4.1 4.1 -14
1.0 : 1.0 : 1.0 412 3
Pb(1I):Cr(I1I): Cd(IT) 401
:Cr(1I0):
e Q.9 14 & 5% 25
4.02
Pb(1I):Cr(I1I): Cd(1I): Cu(II) w17
:Cr(1I0): :Cu
1.0 : 05 : 05:0.5 e 1 25
4.19
Pb(II):Cr(I1I): Cd(II): Cu(II) 399
:Cr(1I0): :Cu
1.0 : 1.0 : 1.0 : 1.0 505 708 ©
4.02
b(ID): Cd(ID: 3.83
Pb(1I):Cr(I1I): Cd(1I):Cu(II) 382 3.82 0
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Table 3.33 Effect of lead(Il), cadmium(Il) and chromium(IIl) on copper(Il)
adsorption

Target metal : competitive | Amount of Cu(Il) | Average amount |[o, , ti
metals adsorbed of Cu(Il) adsorbed o eﬂ?:ﬁ:lfc;on
Ratio (mg/g) (mg/g)

4.42
Cu(1l) 437 4.38 -
4.35
3.47
Cu(II):Cr(III) 3.50 3.50 -20
1.0:0.5 g '
3.34
Cu(II):Cr(I1I) 3392 3.33 24
1.0: 1.0 o '
3.16
CU(H)ZCI’(IH) 315 3.15 28
1.0: 1.5 14 '
3.57
Cu(II):Cd(II) 354 3.55 -19
3.47
Cu(II):Cd(Ir) 3.40 3.43 -22
1.0: 1.0 34 '
3.29
Cu(II):Cd(Ir) 3.25 3.28 -25
1.0: 1.5 3.9 '
3.43
Cu(II):Pb(II) 3.49 3.47 -21
1.0: 0.5 350
3.31
Cu(II):Pb(IT) 331 3% 4
3.13
Cu(II):Pb(1I) 315 3.15 -28
1.0: 1.5 LGS
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Table 3.33 Effect of lead(II), cadmium(II) and chromium(III) on copper(Il)

adsorption (continue)

1.0:15 :15 :1.5

2.70

Target metal : competitive | Amount of Cu(Il) | Average amount | , A i
metals adsorbed of Cu(II) adsorbed A)eﬂfll:ioerlfclon
Ratio (mg/g) (mg/g) Y
Cu(II):Pb(II): Cd(II) 3:37
u . .
1.0 : 05: 05 2;2 236 -23
Cu(II):Pb(II): Cd(II) b
u . g
1.0 : 1.0 : 1.0 23411 3.22 -26
Cu(II):Pb(1I): Cd(II) 4
u ] .
1.0 : 1.5:15 g'gg 3.03 31
Cu(I1):Pb(ID):Cr(I1I) 7%
u . LT
1.0 : 0.5:05 g;i 321 ¥’
Cu(IL):Pb(I1):Cr(I1I) 795
u . LT
1.0 : 1.0 : 1.0 ;82 3.06 -30
Cu(II):Pb(II):Cr(III) 299
u . LT
10 :15:15 24 2.88 -34
2.86
Cu(ID):Cr(I1I):Cd(1I) 247
u r .
32 . 2
1.0 : 05 : 0.5 338 $-30 >
Cu(ID):Cr(T1I):Cd(II) ¢
u r .
14 1 2
1.0 : 1.0 : 1.0 g% 3.10 ?
Cu(11):Cr(I11):Cd(II) 2.84
u LT .
10: 15 :15 282 2 <2
2.84
Cu(IT):Pb(I1):Cr(IIT):Cd(II) 3.21
1.0 5 05:05 : 0.5 3.18 3.20 -27
3.20
Cu(IT):Pb(IT):Cr(ITT):Cd(I) 3.08
10 : 1.0 : 1.0 : 1.0 3.09 3.07 -30
3.06
Cu(IT):Pb(I1):Cr(IIT):Cd(IT) 2.71
' ' ' 2.73 2.71 38
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Table 3.34 Effect of lead(Il), copper(Il) and chromium(Ill) on cadmium(Il)
adsorption

Target metal : competitive | Amount of Cd(Il) | Average amount | , A ti
metals adsorbed of Cd(II) adsorbed Aefffll:ioerlfc;on
Ratio (mg/g) (mg/g)

4.85
Cd(ID) 4.84 4.85 I
4.85
4.76
Cd(IT):Cr(IIT) 4.74 4.76 -2
1.0:0.5
4.78
4.63
1.0: 1.0 ' '
4.68
4.45
1.0:1.5 ' '
4.44
4.79
Cd(II):Cu(II) 4.76 4.78 -1
1.0:0.5 ' '
4.78
4.61
1.0: 1.0 4 64
4.41
Cd(II):Cu(II) 4.4 4.4) -9
1.0:1.5 ' ’
4.45
JONG 4.75
C 1(15):1:) §H) 4.79 4.77 -1
e 4.78
. 4.60
Cdl(l(l))_-l’lb(()ﬂ) 4.61 4.60 5
< 4.61
. 4.38
Cdl(lé)_-l’lbgﬂ) 4.40 4.40 -9
{ B 4.42
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Table 3.34 Effect of lead(II), copper(Il) and chromium(IIT) on cadmium(II)

adsorption (continue)

4.20

Target metal : competitive | Amount of Cd(Il) | Average amount | , A t
metals adsorbed of Cd(II) adsorbed A)eﬂfll:ioerlfclon
Ratio (mg/g) (mg/g) 4
Cd(II):Pb(II): Cu(II) i
? : Cu
1.0 : 0.5:05 j';é i1 -3
Cd(ID):Pb(II): Cu(I) i
X : Cu
10 : 1.0 : 1.0 3'22 4.56 .
Cd(ID):Pb(II): Cu(IL) >
J : Cu
1.0 : 15: 15 jgz 4.35 -10
Cd(I):Pb(II):Cr(1II) P
: :Cr
1.0 : 0.5 : 0.5 3'22 4.06 4
Cd(I):Pb(II):Cr(1II) T
: :Cr
4.4 4.4 -
1.0 : 1.0 : 1.0 45(9) % 7
Cd(I):Pb(II):Cr(1II) %
: :Cr
4, 4. -11
1.0 : 1.5 : 15 4:;? 33
CddT):Cr(III):Cu(II) 05
:Cr(IIT):Cu
4, 4, -4
1.0 : 0.5 :0.5 66 67
4.69
Cd(T):Cr(I1I):Cu(II) Ny
:Cr(III):Cu
1.0 : 1.0 : 1.0 4.54 4.52 7
4.52
Cd(II):Cr(III):Cu(IT) 4.33
:Cr(IIT):Cu
% .3 IS o s )
4.35
. . . 4.51
Cd(II):Pb(II):Cr(I1I): Cu(II) 4 2o
1.0 : 0.5 : 05 : 0.5 pd = 7
4.55
. . } 4.42
Cd(I):Pb(II): Cr(IIT):Cu(IT) A 4 "
10:1.0 : 1.0 1.0 38 38 10
4.35
. . ) 4.19
Cd(ID):Pb(11): Cr(I1I):Cu(II)
10: 1.5 : 1.5: 1.5 419 4.19 -13
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Table 3.35 Effect of lead(Il), copper(Il) and cadmium(Il) on chromium(IIl)

adsorption
Target metal : competitive Amount of Cr Average amount | , A ti
metals (IIT) adsorbed of Cr(1II) A)effslicsioerlfc;on
Ratio (mg/g) adsorbed (mg/g)
3.94
Cr(T1I) 3.92 3.92
3.91
3.92
Cr(I1I):Cu(II) 3.94 3.92 -
1.0:0.5
3.88
3.60
Cr(IIT):Cu(1I) 3.65 3.63 -7
1.0: 1.0 ' '
3.64
3.36
Cr(III):Cu(II) 3.35 3.36 -14
3.70
Cr(I11):Cd(11) 3.67 3.69 -6
3.59
Cr(I11):Cd(11) 3.58 3.58 -9
1.0: 1.0 357
3.40
Cr(1II):Cd(IT) 3.39 3.39 -14
1.0:1.5 337
N 3.88
Cr(fg)-'PO (SID 3.90 3.89 -1
e U 3.88
_ 3.77
cr(lng)‘.PFE)H) 3.73 3.72 -5
8 & 3.67
Cr(I11):Pb(II) Y
r(I1I):
10: 1.5 e i’ S

3.56
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Table 3.35 Effect of lead(II), copper(Il) and cadmium(II) on chromium(III)

adsorption(continue)

Target metal : competitive

Amount of Cr

Average amount

10:15:15 :1.5

3.17

% Adsorpti
metals (IIT) adsorbed of Cr(III) A)efﬁ sgtlfclon
Ratio (mg/g) adsorbed (mg/g) Y
3.62
Cr(IIT):Pb(IT): Cd(II) -
1.0 : 0.5 : 0.5 gg; 7, ’
3.42
Cr(I1I):Pb(1I): Cd(II) 345 342 13
1.0: 10 : 1.0 \
3.41
3.23
Cr(II1):Pb(1I): Cd(II) 394 304 17
1.0:15:1.5 ' ’
3.25
Cr(I11):Pb(11):Cu(1l) (A
T . Cu
62 62 -
1.0 : 0.5 :0.5 ;23 36 ’
3.37
Cr(11T):Pb(IT): Cu(II) 341 3.40 -13
1.0: 1.0 : 1.0
3.41
3.16
Cr(III):Pb(1I):Cu(II) 319 3.18 -19
1.0 : 1.5 :1.5
3.18
Cr(T1I):Cd(II):Cu(II) .
T . Lu
1.0 : 0.5:05 g'gg - 7
3.49
Cr(III):Cd(IT):Cu(I) 3.46 3.47 -12
1.0: 1.0 : 1.0
3.45
3.22
Cr(I11):Cd(11): Cu(1l) 395 3.4 -17
10: 15:15 396
. _ . 3.50
Cr(I11):Pb(1I): Cd(11): Cu(1l) - 251 10
1.0 : 05 : 05:05 P P J
3.51
3.35
Cr(I11):Pb(1I): Cd(1I): Cu(1I) 14
10:1.0: 1.0 : 1.0 3.35 3:37 ]
3.40
Cr(IIT):Pb(IT):Cd(IT):Cu(I) 3.20
- - ' 3.18 3.18 -19
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Figure 3.8 Effect of competitive metals on (a) lead(Il), (b) copper(Il), (c) cadmium(II)

and (d) chromium(III) adsorption by modified seaweed

Target metal:competitive metals

7
. Target:Competitive = 1.0:0.5 Target:Competitive = 1.0:1.0



The adsorption isotherms were studied at various concentrations of lead(II)
(30-80 mg/l), copper(Il)(10-30 mg/l), cadmium(II)(20-40mg/l) and chromium(III)
(10-30mg/1). The Langmuir and Freundlich adsorption isotherms of each metal ion
were shown in Tables 3.36-3.39 and Figures 3.9-3.10. The Langmuir adsorption
isotherm constant was calculated by the y-intercept and slope of a graph plotting by
1/qe versus 1/C.. The Freundlich adsorption isotherm constant was obtained by ploting

log ge against log C.. The Langmuir and Freundlich adsorption constants from the
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3.3.4 Performance characteristics of modified seaweed

isotherms with the correlation coefficients were also given in Tables 3.40-3.41.

Table 3.36 Adsorption of lead(Il) by modified seaweed

& Ce e
(mg/1) (mg/1) (mg/g) 1/C. 1/qe log C. log qe
30.00 2.25 13.83 0.45 0.07 0.35 1.14
35.00 292 15.95 0.34 0.06 0.47 1.20
40.00 3.55 18.18 0.28 0.06 0.55 1.26
45.00 4.25 20.31 0.24 0.05 0.63 1.31
50.00 4.83 22.53 0.21 0.04 0.68 1.35
60.00 7.48 26.18 0.13 0.04 0.87 1.42
70.00 12.58 28.59 0.08 0.04 1.10 1.46
80.00 16.34 31.77 0.06 0.03 1.21 1.50

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed,




Table 3.37 Adsorption of copper(Il) by modified seaweed
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& Ce e
(mg/) | (mgn | (mgg [ Ve | Ve | logCe ) logqe
10.00 1.02 4.48 0.99 0.22 0.01 0.65
15.00 1.52 6.72 0.66 0.15 0.18 0.83
20.00 2.16 8.90 0.46 0.11 0.34 0.95
25.00 2.67 11.12 0.37 0.09 0.43 1.05
30.00 3.32 13.29 0.30 0.08 0.52 1.13

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed

Table 3.38 Adsorption of cadmium(II) by modified seaweed

Ci Ce e
(mg/) (mg/l) (mg/g) 1/Ce 1/qge log C. log qe
20.00 1.58 9.18 0.63 0.11 0.20 0.96
25.00 1.86 11.52 0.54 0.09 0.27 1.06
30.00 2.29 13.81 0.44 0.07 0.36 1.14
35.00 2.65 16.10 0.38 0.06 0.42 1.21
40.00 3.11 18.39 0.32 0.05 0.49 1.27

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed

Table 3.39 Adsorption of chromium(IIl) by modified seaweed

G Ce. Qe
(mg/) | (mgn) | (mgg | VC | Ve | logCe ] g
10.00 2.08 3.95 0.48 0.25 0.32 0.60
15.00 2.34 6.31 0.43 0.16 0.37 0.80
20.00 2.63 8.66 0.38 0.12 0.42 0.94
25.00 2.89 11.00 0.35 0.09 0.46 1.04
30.00 3.35 13.27 0.30 0.08 0.53 1.12

Ci: initial concentration, Ce: residual concentration, ge: amount of metal ions
adsorbed per gram seaweed
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Table3.40 The Langmuir adsorption constants obtained from the Langmuir

adsorption isotherm of each metal on modified seaweed

The Langmuir adsorption constants
Metal - 5
Q b R
Lead(II) 40.49 0.23 0.9912
Copper(1I) 99.00 0.05 0.9989
Cadmium(II) 208.33 0.03 0.9913
Chromium(III) -4.29 -0.24 09118

Q°: amount of metal adsorbed per gram of dried seaweed forming a complete
monolayer on the surface (mg/g)
:  Langmuir adsorption constant
R*: correlation coefficient

Table3.41 The Freundlich adsorption constants obtained from the Langmuir

adsorption isotherm of each metal on modified seaweed

The Freundlich adsorption constants
Metal 5
KF n R
Lead(II) 10.82 248 0.9479
Copper(1I) 4.47 1.09 0.9984
Cadmium(II) 5.95 0.99 0.9915
Chromium(I1I) 0.70 0.40 0.9552

Kg: Freundlich constant representing adsorption capacity
n:  Freundlich constant representing adsorption intensity
R*  correlation coefficient
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3.3.5 Adsorption capacity of non-modified seaweed and modified seaweed

The adsorption capacity was studied under the optimized conditions of
pH of solution and contact time. The results obtained were shown in Table 3.42 and
Figure 3.11, respectively. It was found that the amount of adsorbed metal ion
increased rapidly at the early step and slightly increase before attaining a saturation
value. This was defined as an adsorption capacity. Adsorption capacity of modified

seaweed was higher than those of the non-modified seaweed.

Table 3.42 The adsorption capacity of metals on non-modified seaweed and modified

seaweed
Adsorption capacity (mg/g)
Mdigl Non-modified seaweed Modified seaweed
Pb(II) 29.86+0.18 31.70+0.28
Cu(II) 18.06+0.27 23.33+0.42
Cd(11T) 16.80+0.34 25.09+0.35
Cr(III) 14.83+0.27 23.66+0.69




102

B i
2 40.00
8 3000+
g9
g2 20.00 -
s =
= 10.00 o
3
g 0.00 r T |
< 0.00 50.00 100.00 150.00
Initial concentration (mgfl)
(a)
£ )
2 25.00
T 20.00 1
2 ~
8 2 15001
B £ 10.001
o
€ 5.00 4
3
e 000+—— ' ' T :
< 0.00 20.00 40.00 60.00 80.00 100.00

Initial concentration (mg/l)

(b)

;'g’ 30.00 -

g 2500+

g 5 20.00 1

T 215001

‘s ~10.00 4

€ 5001

g  0.00- !
q 0.00 20 00 40 00 60 00 80 00 100.00

Initial concentration (mg/l)
(c)

‘g’ 30.00 -

B 25.00 +
0

5§ 20.-00 +
T & 15001
‘5 =~ 10.00 +

€ 500+

g 0.00 1
< 0.00 20 00 40 00 60 00 80 00 100.00

Initial concentration (mg/l)

(d)

Figure 3.11 Adsorption capacity of (a) lead(Il), (b) copper(Il), (c) cadmium(II) and

(d) chromium(IIT) by A non-modified seaweed and m modified seaweed
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3.3.6 Adsorption of metals in wastewater samples by non-modified seaweed

and modified seaweed

The optimized conditions were applied for the removal of lead(II), copper(II),

cadmium(Il) and chromium(IIl) in wastewater samples. Both biosorbents were most

effective removing binders for lead(Il), copper(Il), cadmium(Il) and chromium(III) in

wastewater samples. The results obtained are shown in Table 3.43-3.50. The

biosorbent can remove the heavy metals of interest in real samples collected from

plating factory (sample 1) and the treatment plant (sample 2).

Table 3.43 The adsorption of metals in wastewater samplel by non-modified seaweed

atpH 3.6
Initial Residual Adsorbed Amount of
Metal concentraﬂgion concentraiion concentration adsorbed metal
(mg/1) (mg/1) (mg/1) (mg/g)
Pb(II) 0.90 0.54 0.36 0.39+0.07
Cu(II) 3.05 2.68 0.37 0.39+0.07
Cd(I) 2.15 1.25 0.90 0.90 +0.03
Cr(III) 6.95 6.05 0.89 0.93 +0.15

" Data retrieved from 5 replicates of experiments
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Table 3.44 The adsorption of metals in wastewater samplel by non-modified seaweed

at pH 3.0
Initial Residual Adsorbed Amount of
Metal concentra;cion concentra;[ion concentral:ion adsorbed rr*letal
(mg/l) (mg/l) (mg/l) (mg/g)
Pb(II) 0.90 0.52 0.38 0.36 +0.12
Cu(Il) 3.05 2.48 0.56 0.52 +0.17
Cddn) 2.15 1.68 0.51 0.55+0.08
Cr(I1T) 6.95 6.08 0.87 0.82 +0.10

" Data retrieved from 5 replicates of experiments

Table 3.45 The adsorption of metals in wastewater samplel by modified seaweed at

pH 3.6
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/l) (mg/l) (mg/1) (mg/g)
Pb(II) 0.90 0.36 0.54 0.60+0.11
Cu(I) 3.05 0.56 2.49 243 +0.15
Cd(I) 2.15 0.33 1.82 1.82 +0.01
Cr(III) 6.95 0.43 6.52 6.49 +0.02

" Data retrieved from 5 replicates of experiments

Table 3.46 The adsorption of metals in wastewater samplel by modified seaweed at

pH 3.0
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/1) (mg/1) (mg/1) (mg/g)
Pb(II) 0.90 0.71 0.19 0.21 +0.11
Cu(Il) 3.05 1.37 1.68 1.65+0.11
Cd(II) 2.15 1.11 1.04 1.03 +0.02
Cr(I1I) 6.95 0.65 6.30 6.30 +0.04

" Data retrieved from 5 replicates of experiments
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Table 3.47 The adsorption of metals in wastewater sample2 by non-modified seaweed

at pH 4.1
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/l) (mg/l) (mg/l) (mg/g)
Pb(II) 1.95 0.31 1.64 1.63 +0.04
Cu(Il) 3.21 2.68 0.53 0.55+0.10
Cddn) 2.04 0.70 1.34 1.34+0.02
Cr(I1T) 7.27 4.93 2.34 246 +0.21

" Data retrieved from 5 replicates of experiments

Table 3.48 The adsorption of metals in wastewater sample2 by non-modified seaweed

atpH 3.0
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/1) (mg/1) (mg/1) (mg/g)
Pb(II) 1.95 0.38 1.57 1.58 +0.07
Cu(Il) 3.21 2.41 0.80 0.86 +0.14
Cd(II) 2.04 0.84 1.20 1.19 +0.03
Cr(11I) 7.27 4.39 2.88 2.51+042

" Data retrieved from 5 replicates of experiments

Table 3.49 The adsorption of metals in wastewater sample2 by modified seaweed at

pH 4.1
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/1) (mg/D) (mg/1) (mg/g)
Pb(II) 1.95 0.47 1.48 1.51+0.09
Cu(Il) 3.21 0.44 2.77 2.77+0.03
Cd(I) 2.04 0.08 1.96 1.96 +0.02
Cr(I1I) 7.27 0.53 6.74 6.70 +0.09

" Data retrieved from 5 replicates of experiments
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Table 3.50 The adsorption of metals in wastewater sample2 by modified seaweed at

pH 3.0
Initial Residual Adsorbed Amount of
Metal concentration concentration concentration adsorbed metal
(mg/1) (mg/1) (mg/1) (mg/g)
Pb(II) 1.95 0.66 1.29 1.33 +0.10
Cu(II) 3.21 0.94 2.27 2.26+0.02
Cd(I) 2.04 0.45 1.59 1.59 +0.05
Cr(1II) 7.27 0.62 6.65 6.64 +0.02

" Data retrieved from 5 replicates of experiments




